Classical familial adenomatous polyposis (FAP) is a high-penetrance autosomal dominant disease that predisposes to hundreds or thousands of colorectal adenomas and carcinoma and that results from truncating mutations in the APC gene. A variant of FAP is attenuated adenomatous polyposis coli, which results from germ-line mutations in the 5 and 3 regions of the APC gene. Attenuated adenomatous polyposis coli patients have ''multiple'' colorectal adenomas (typically fewer than 100) without the f lorid phenotype of classical FAP. Another group of patients with multiple adenomas has no mutations in the APC gene, and their phenotype probably results from variation at a locus, or loci, elsewhere in the genome. Recently, however, a missense variant of APC (I1307K) was described that confers an increased risk of colorectal tumors, including multiple adenomas, in Ashkenazim. We have studied a set of 164 patients with multiple colorectal adenomas and͞or carcinoma and analyzed codons 1263-1377 (exon 15G) of the APC gene for germ-line variants. Three patients with the I1307K allele were detected, each of Ashkenazi descent. Four patients had a germ-line E1317Q missense variant of APC that was not present in controls; one of these individuals had an unusually large number of metaplastic polyps of the colorectum. There is increasing evidence that there exist germ-line variants of the APC gene that predispose to the development of multiple colorectal adenomas and carcinoma, but without the f lorid phenotype of classical FAP, and possibly with importance for colorectal cancer risk in the general population.
polyposis coli patients have ''multiple'' colorectal adenomas (typically fewer than 100) without the f lorid phenotype of classical FAP. Another group of patients with multiple adenomas has no mutations in the APC gene, and their phenotype probably results from variation at a locus, or loci, elsewhere in the genome. Recently, however, a missense variant of APC (I1307K) was described that confers an increased risk of colorectal tumors, including multiple adenomas, in Ashkenazim. We have studied a set of 164 patients with multiple colorectal adenomas and͞or carcinoma and analyzed codons 1263-1377 (exon 15G) of the APC gene for germ-line variants. Three patients with the I1307K allele were detected, each of Ashkenazi descent. Four patients had a germ-line E1317Q missense variant of APC that was not present in controls; one of these individuals had an unusually large number of metaplastic polyps of the colorectum. There is increasing evidence that there exist germ-line variants of the APC gene that predispose to the development of multiple colorectal adenomas and carcinoma, but without the f lorid phenotype of classical FAP, and possibly with importance for colorectal cancer risk in the general population.
Familial adenomatous polyposis (FAP) is a disease with autosomal-dominant inheritance that predisposes to carcinoma of the colorectum, stomach, duodenum, and thyroid. The classical variant of FAP comprises hundreds or thousands of colorectal adenomas, often accompanied by extracolonic features such as adenomas elsewhere in the gastrointestinal tract, congenital hypertrophy of the retinal pigment epithelium, abdominal desmoid tumors, and epidermoid cysts. Classical FAP is caused by high-penetrance germ-line mutations in the APC gene (1) . These mutations almost always produce a truncated protein and are spread between codons 168 (exon 4) and 1680 (exon 15), but do not occur outside this interval (2) .
There exists a set of patients with ''multiple'' colorectal adenomas (generally fewer than 100), but without the florid phenotype of classical FAP, frequently without accompanying extracolonic features and often with a poorly described family history of colon adenomas or cancer. The phenotype of some of these patients can be accounted for by so-called attenuated adenomatous polyposis coli, which results from germ-line mutations in the 5Ј and 3Ј regions of the APC gene (3) (4) (5) . Other patients with multiple adenomas have no mutations in the APC gene, and their phenotype probably results from variation at a locus, or loci, elsewhere in the genome (6) . Recently, a missense variant of APC (3920T 3 A; I1307K) has been described that confers an increased risk of colorectal tumors, suggested to be through an increased tendency to somatic mutation at the APC locus (7). This APC variant allele was observed in 6% of Ashkenazi controls, 10% of Ashkenazi colorectal cancer cases, and 28% of Ashkenazim colorectal cancer cases who also had a family history of colorectal cancer, but in no non-Ashkenazi individuals. It therefore is possible that the contribution of germ-line APC variants to colorectal cancer has been underestimated.
We have studied a set of 164 patients with multiple colorectal adenomas and͞or colorectal cancer, some of whom also had a family history of colorectal tumors. We have analyzed codons 1263-1377 (exon 15G) of the APC gene for germ-line variants, including the previously described I1307K variant.
MATERIALS AND METHODS

Subjects.
Peripheral venous blood samples were obtained from non-Ashkenazi British control subjects and patients with adenomas or carcinomas, having first obtained informed consent for their use in research, under local ethics committee approval. Genomic DNA was extracted as described (8) . Under local ethics committee approval and direction, the Ashkenazi Jewish control group was constituted from anonymized DNA samples collected for a previous gene frequency study, from unrelated, but otherwise unselected, Ashkenazi individuals living in North London.
The 164 patients were ascertained on the basis of either (i) having developed multiple colorectal adenomas, with or without a family history of related tumors, but without the classical phenotype of FAP, or (ii) having developed colorectal cancer. They comprised three groups: Group 1 had 38 patients with three or more colorectal adenomas referred to genetics clinics (34 had presented symptomatically, 4 were found to have polyps by surveillance colonoscopy); Group 2 had 96 patients followed up for colorectal polyps and who had developed at least five adenomas; and Group 3 had 30 patients with
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colorectal cancer, either below the age of 50 years and without a family history, or at any age and with a family history of colorectal tumors. The clinical presentation of the cases was symptomatic, except for four individuals in Group 1 who presented with their family history and were found to have polyps during surveillance colonoscopy. The subjects in Group 3 were unselected with respect to colorectal polyps. Information about the number, site, and type of colorectal tumors was obtained from patients' records and pathology reports. The histopathology of the colorectal tumors in the APC 15G variant gene carriers was reviewed, with the pathologist (I.C.T.) unaware of the subjects' carrier status. Family histories from subjects in Groups 1 and 3 were obtained by interview and confirmed wherever possible by hospital records or death certificates. A comprehensive family history had not been routinely sought by interview in Group 2, but patients in this group had been invited to return a postal questionnaire inquiring about a family history of cancer or polyps of any sort.
Details of patients' ethnic origins, including their personal professed religion and place of birth of their parents, were obtained retrospectively from their hospital records. Subjects in the Ashkenazi Jewish control group from London had been asked directly about their ethnic origin. The non-Ashkenazi British control group were collected originally for an HLA allele frequency study.
Single-Strand Conformation Polymorphism (SSCP) Analysis. PCR primers for amplification of APC exon 15 region G and SSCP conditions, including DNA detection by silverstaining, have been described previously (9) , as have the other PCR reagents (8) . The region of APC scanned by this technique comprises nucleotides 3791-4131 (codons 1263-1377).
Amplification Refractory Mutation System (ARMS) PCR Analysis. The I1307K allele was tested by using an ARMS PCR assay (10) . The oligonucleotide primers were designed with the aid of OLIGO software (version 4.1; MedProbe, Oslo, Norway). Two forward primers were used, one specific for the wild-type allele of a T at nucleotide 3920 (CTAATACCCTGCAAAT-AGCAGAAGA), and the second specific for the I1307K allele (CTAATACCCTGCAAATAGCAGAAGT); in both primers the penultimate base was a deliberate mismatch to improve the specificity conferred by the most 3Ј base. These primers were used in separate PCRs, each utilizing the same common reverse primer (TGAGTGGGGTCTCCTGAACATA). All primers were used at a concentration of 0.125 M; otherwise, PCR reagents were as described (8) . Thermal cycling was: 95°C ϫ 5 min, followed by 30 cycles of [94°C ϫ 1 min, 56°C ϫ 1 min, 72°C ϫ 1 min], with a final extension step of 72°C ϫ 1 min. For any given individual, the wild-type and I1307K ARMS PCRs were performed simultaneously in two separate tubes, which were placed in adjacent wells in the thermal cycler (Omnigene, Hybaid, Teddington, U.K.). The PCR products were analyzed by electrophoresis in 2% (wt͞vol) agarose (Seakem LE, Flowgen, Lichfield, U.K.), with care being taken to run out wild-type and I1307K reactions in separate rows of wells on the same gel to avoid carry over. The assay was validated on each occasion by analysis of control samples, one known to be homozygous wild type, the other heterozygous for I1307K. For every sample analyzed, the wild-type reaction gave the predicted 255-bp band.
Restriction Fragment Length Polymorphism (RFLP) Analysis. The E1317Q variant, detected initially by SSCP analysis, was tested for in the subjects of Group 3 by means of an RFLP present within the I1307K ARMS PCR amplicon. The E1317 (wild type) allele was digestible with PvuII, to generate 204-and 51-bp fragments, but the Q1317 allele was indigestible. Four microliters of the wild-type PCR product from the I1307K ARMS test therefore was digested with PvuII (Promega) according to the manufacturer's recommendations and analyzed by electrophoresis in 3% (wt͞vol) agarose gel. Undigested and digested PCR products from the same individual were run out in adjacent lanes. The two E1317Q carriers detected by SSCP, and confirmed by sequencing, were included as positive controls. Each sample was tested in duplicate, both PCRs and digests on separate occasions.
Confirmation of APC 15G Variants by DNA Sequencing. For all patients with possible APC variants detected by the SSCP, ARMS, or RFLP analyses, APC exon 15 PCR products (region 15.3, comprising codons 1262-1628) were generated as described previously (8) . These, together with region 15.3 PCR products from homozygous wild-type control individuals, then were used as templates for sequencing. This was carried out by using the exon 15G primers (both forward and reverse) as used for SSCP, and the ABI Ready Reaction Dye Terminator Cycle Sequencing kit, as per the manufacturer's instructions, with the products being analyzed on an ABI Prism 377XL DNA sequencer (Perkin-Elmer).
Genotyping. Patients carrying the I1307K and E1317Q alleles were genotyped at four markers flanking APC: D5S299, D5S82, D5S346, and MCC (11) (12) (13) ; APC is located between D5S82 and D5S346. Fluorescent dye-labeled PCR primers were used, with electrophoresis on an ABI Prism 377XL DNA sequencer and subsequent analysis using GENESCAN 2.1 software (Perkin-Elmer).
RESULTS
The clinicopathological and family history data for the cases in the three patient groups are summarized in Table 1 . No individual had features of classical FAP, but attenuated ad- 02 and 3-22) . This allele was present as a heterozygote with the wild-type allele in all these four cases. There was no known common ancestry between these patients; all were of British origin and none was from an Ashkenazi background. The two E1317Q carriers in Group 2 presented with rectal bleeding and had adenomas throughout the colorectum, while the two in Group 3 both had presented with carcinomas; their clinical histories are summarized in Table 2 . Subject 2-82 had 17 metaplastic polyps (MP) found incidentally at colonoscopy, which compares with 5 MP in 2-80 (data on MP were not systematically available from the patients in Group 2, but the median number of MP in Group 1, among those who had them, was 5.5: Table 1 ). Subject 3-02 had presented with a rectal cancer at age 39 years (Duke's stage C2; 21͞23 nodes positive), with no polyps being noted, and only one adenoma being found in 14 years of follow-up. She had also had a solitary liver metastasis resected at age 40 years. Subject 3-22 had presented with a sigmoid cancer, also at age 39 years, and in 15 years of follow-up she had developed an additional three adenomas and one metaplastic polyp.
The family histories of the E1317Q carriers varied. Subject 2-80's sister was reported to have died from rectal cancer (at an unknown age), but 2-82 had no known family history of colorectal or associated cancers. The father of 3-02 had died from a gastric cancer in his 50s, while the father of 3-22 had died from a rectal cancer at age 53 years. None of the E1317Q carriers had a known family history of colorectal adenomas, and there were no other notable clinicopathological or family features to distinguish the E1317Q patients. The E1317Q variant was not present in 80 non-Ashkenazi British controls.
An ARMS PCR was used to test for the I1307K variant, since it was suspected that this sequence change might not be detected when using the SSCP conditions employed (Fig. 1) . These suspicions proved well founded, since three individuals with the I1307K allele (as heterozygote with the ''wild type'') were detected in Groups 1 and 2 while using the ARMS PCR (confirmed on sequencing). Each of the three I1307K carriers (1-14, 2-33, and 2-49) was of Ashkenazi descent. No individual in Group 3 was found to have I1307K, and none was of Ashkenazi origin. The clinical histories of the three patients with the I1307K allele are also shown in Table 2 ; all had adenomas throughout the colorectum, and none had clinical features that distinguished them from the other patients studied ( Table 2) . As with the E1317Q carriers, the associated family histories varied: 1-14 had an extensive family history of colorectal and other tumors (Fig. 2) , 2-33 reported that his mother had developed colon cancer (at unknown age), and 2-49 had no known family history of colorectal tumors. Of the 164 patients tested for I1307K, ethnic origin was known for 124 individuals, 8 of whom were of Ashkenazi origin. Thus, we estimate that approximately 37.5% of Ashkenazim with multiple adenomas carry the I1307K allele. The frequency of I1307K among the 98 Ashkenazi controls from North London was 8.1%.
DISCUSSION
There is increasing evidence that there exist germ-line variants of the APC gene that predispose to the development of multiple colorectal adenomas and carcinoma, but without the florid phenotype of classical FAP and possibly with incomplete penetrance. We have found the I1307K variant of APC in 3 of 134 patients with multiple colorectal adenomas, and all 3 patients were of Ashkenazi Jewish origin. I1307K is rare or absent outside this ethnic group. Thus, we did not find it in 30 non-Ashkenazi British individuals with colorectal carcinomas either affected at a young age and͞or with a family history. The mode of action of the I1307K allele was suggested by Laken et al. (7) to be somatic hypermutability. However, a direct effect of the variant remains at least as likely, since it results in a charge change in a critical, functional part of the APC molecule. The I-to-K substitution is in a region that bisects the ␤-catenin-binding sites and that is involved in binding to at least two other proteins. Thus, the substitution could give rise to a mild dominant-negative effect, therefore reducing the amount of available functional APC protein enough to substantially increase the risk of polyp formation. Strong dominant-negative effects resulting from mutations that truncate the APC protein in this region probably account for the mutation cluster region originally described by Nagase and Nakamura (14) . We were unable to test for cosegregation of I1307K with disease in the two families suitable for study, and the extent of family history of colorectal tumors varied greatly in the three patients we detected with I1307K. Thus, although a family history of colorectal tumors may be a predictor of I1307K carriers, I1307K is not restricted to this group (7, 15) . The reasons for this could, to a large extent, be ascertainment bias but could also include inaccurate recall by patients, asymptomatic disease, lack of screening by colonoscopy, and most probably, as an explanation that covers many of these possibilities, imperfect penetrance of the I1307K allele. Our estimate of I1307K frequency in unselected North London Ashkenazim (8.1%) is similar to that found in the United States (7, 15) .
We have also found that an E1317Q APC variant is present in a subset of patients with colorectal adenomas or carcinoma, being found in 2 of 134 multiple adenoma patients and 2 of 30 colorectal cancer patients, but in none of 80 controls. One of the multiple adenoma patients carrying E1317Q also had a large number of MP. The E1317Q variant has been reported previously in a family of unknown ethnic origin with colon cancer, by White et al. (16) in Edinburgh. The variant did not, however, entirely cosegregate with disease (or disease severity) in this family, as only two of the four sibs with colon cancer carried E1317Q. While the presence or absence of colorectal adenomas or MP was not commented on, they did find that none of the 133 control individuals that they tested carried E1317Q and the two cancers in the E1317Q carriers both had lost the wild-type allele (16) . If we combine the control data of White et al. with ours, giving a total of 213 controls, none of whom were found to carry E1317Q, then our finding of E1317Q in 4 of 164 individuals affected with colorectal carcinoma or adenomas is significant (P ϭ 0.035; Fisher's Exact test, two-sided). Petrukhin et al. (15) have reported E1317Q in Ashkenazi breast͞ovarian cancer families, but did not observe the variant to segregate with colorectal cancer (or breast͞ovarian tumors). Therefore, overall the data suggest that the E1317Q allele contributes to a predisposition to colorectal adenomas and carcinoma, but with low and variable penetrance.
No tumor material was available from our patients with the E1317Q variant, but the DNA sequence change (CAGCT-GAAGAT 3 CAGCTCAAGAT) does not appear to introduce an obvious hypermutable site as the I1307K change does. The E1317Q variant substitutes an uncharged hydrophilic amino acid for an acidic hydrophilic amino acid, which may be sufficient to affect the structure or function of the APC protein. This substitution therefore may affect colorectal adenoma predisposition by the same mechanisms suggested above for I1307K. We cannot, however, rule out the possibility that the E1317Q variant is actually in tight linkage disequilibrium with another, pathogenic APC variant, but this seems unlikely to be the case.
Further work is necessary to determine the best way of identifying I1307K and E1317Q carriers on clinical grounds and to calculate the risks of colorectal adenomas and carcinomas associated with each of these APC variants. Our data show that carriers of both I1307K and E1317Q can develop tumors throughout the colorectum, and, therefore, surveillance should be by colonoscopy, though the frequency of such examinations currently must be empirical. Our data suggesting that some carriers of E1317Q may also have a tendency to develop multiple MP of the colorectum are intriguing, but require confirmation in a larger sample size. There is evidence that MP are associated with carcinoma, and families have been Proc. Natl. Acad. Sci. USA 95 (1998) 10725 described in which tendencies to MP are segregating; perhaps these families carry E1317Q or other APC variants (17, 18) . Low-penetrance variants such as I1307K and E1317Q will not usually give rise to families containing multiple cases of colorectal carcinomas. Thus, in a prospective screen for such mutations one would expect the majority of individuals identified with adenomas or carcinomas to be sporadic or to have, at most, one or two affected relatives. On the other hand, if screening is by ascertainment of families, then these clearly will include a significantly increased frequency of such variants. This form of ascertainment bias presumably explains the assumption by Laken et al. (7) that the I1307K variant makes a major contribution to familial colorectal carcinomas.
The existence of the I1307K and E1317Q APC variants raises the possibility that there exists in the population many other variants at subpolymorphic frequencies with a significant, but imperfectly penetrant, effect on the incidence of colorectal adenomas and carcinomas. Preliminary haplotype analysis using closely linked CA-repeat markers suggests that both these mutations have a common origin (Table 3) . Their selective disadvantage will be very small because of the low penetrance with respect to significant disease. Thus, mutations of this sort could easily increase in a population because of random genetic drift, in much the same way that occasional recessive mutations do, such as the common cystic fibrosis deletion (⌬F508), which is found particularly in Northern European populations. Theoretical population genetic considerations suggest that at a locus such as APC, which is relatively large, there may at any given time exist a number of selectively neutral or near-neutral variants, the collective frequency of which could amount to a few percent. A subset of these, such as the two we have discussed in this paper that result in amino Generations are given on the left in roman numerals. Beneath the symbols are given individual numbers, by generations. Below the individual numbers are given the known tumor type(s) (carcinomas unless otherwise specified) or other cause of death affecting that individual and the age at diagnosis, when known (including any colonoscopy results; nil, no tumors found). Shown below the diagnoses, in parentheses, is the age at death. The proband (individual IV.5; patient 1-14) is indicated with an arrow and is a heterozygous carrier of APC I1307K. Individuals IV.4 and IV.5 have had one surveillance colonoscopy, while IV.2 has had three, commencing at age 48 years; other individuals in generation IV whose phenotypes are unknown have been omitted for clarity. II.7 and II.8 were first cousins through I.2. acid substitutions with significant functional consequences, then will give rise to a contribution to inherited colorectal cancer or adenoma susceptibility. Individual variants may achieve relatively high frequencies, particularly in isolated populations (as I1307K has done in the Ashkenazi Jews). The overall contribution to colorectal cancer of subpolymorphic APC variants may be quite significant and comparable to that associated with mutations with a more severe effect and therefore much stronger selective disadvantage. Genetic susceptibility associated with such subpolymorphic variation could be difficult to find by testing for population associations between disease and alleles at polymorphic sites (see, e.g., ref. 19 ). The reason for this is that the contribution of any single variant to the overall variation in susceptibility attributable to any one locus may be much too small. This category of genetic susceptibility therefore may best be identified by direct association between a disease and variants detected in a candidate gene already identified as functionally relevant. Should it prove possible to reduce substantially the risk of colorectal cancer in I1307K and E1317Q carriers by appropriate surveillance with removal of adenomas, then, if further evidence accrues that additional APC variants exist that predispose to cancer, there is a case for offering population-wide screening for APC mutations. The type of subpolymorphic, tumor-predisposing variation that may exist at APC may be found quite generally in a wide range of disease-causing genes and represents a new facet of the study of multifactorial disease inheritance.
